In this work, the kinetics and mechanism of the Diels-Alder cycloaddition reaction between the 9-bromomethyl antracene and Citraconic anhydride dienophile have been investigated theoretically in the toluene solution. All of the calculations have been performed by using the valuable DFT methods and PCM model.The reaction can be progressed via two different pathways, I and II. In the structure of the reactants of the pathways I and II, the 9-bromomethyl antracene and Citraconic anhydride species have different orientations. Both of the pathways have been investigated in details. The obtained DFT-resultssuch as prediction of the major product of the reaction are in agreement with the experimental results, confirming validity of the DFT-proposed mechanism.
INTRODUCTION
The Diels-Alder pericyclic reaction 1 , which is one of the most important synthetic reactions, has been illustrated to be a powerful synthetic method for multiple carbon-carbon bond formation in a regioselective manner. This has been proved by its various application insynthesys 2, 5 .
The usefulness of the Diels-Alder reactions arises from their versatility and from their remarkable regioselectivity. The interaction between unsymmetrical reagents (dienes or dienophiles) in Diels-Alder reactions can give two regioisomers depending on the relative position of the substituent in the cycloadduct. For a 9 bromomethyl anthracenediene, a head-to -head (ortho) or a head-to-tail (meta) cycloaddition is possible, where the ortho isomer is preferred(see Scheme 1).
Some theoretical repor ts have been published on the kinetics and mechanism of the Diels-Alder cycloaddition reaction [6] [7] [8] [9] . Khan et al. 10 repor t the Diels-Alder cycloaddition reaction of the 9-substituted anthracene, species 1, as diene with Citraconic anhydride dienophile species 2, which gives the 3 and 4 regioisomers (Scheme 1).The 9-bromomethylanthracene reacts with the unsymmetrical dienophile species 2 in two competitive pathways, I and II pathways, which result in formation of two regioisomeres, the 3(ortho) and the 4(meta) regioisomers, respectively. However, in most cases the ortho adduct has been found to be the major product.
We became interested in the regioselectivity of the 9-bromomethyl anthracene1 towards species 2. In order to give a deeper insight to this reaction, we have investigated the kinetic and mechanism of this cycloaddition reaction in details, using Density Functional Theory (DFT). Both of the pathways, I and II, have been considered.
Computational Details
Herein, all of the calculations have been performed by using the B3LYP 11 hybrid functional as implemented in the Gaussian 03 program package 12. The 6-311++G(d,p) basis set was employed.
All degrees of freedom were optimized for all geometries. The obtained transition states (TSs) were confirmed to have only one imaginary frequency of the Hessian, while the reactants, products and intermediates didn't show any imaginary frequency.
Obviously, the solvent plays an important role in chemical reactions. Here, the solute-solvent interactions have been considered using one of the self-consistent reaction field methods, i.e., the sophisticated Polarizable Continuum Model (PCM) 13 . The solvent is chloroform. In both of the gas phase and PCM model, the zero-point-energy (ZPE) corrections were made to obtain energies. The employed methods are widely applicable in theoretical investigation of the chemical reactions 6, 9, 14, 18 .
RESULTS AND DISCUSSION
Based on the Scheme 1, the cycloaddition reaction of the 9-bromomethylanthracene (species 1), with the C=C double bond of the Citraconic anhydride (2), produces the 3 and 4 regioisomers 10 . Mechanism of the reaction involves two different pathways, I and II.Herein, we report a detailed-DFT investigation on the two pathways of the reaction mechanism. Finally, the DFT results of the two pathways I and II are compared both with each other. The proposed mechanism will be reviewed step by step in the following sections.
Both of the pathways (I and II)involve one step. In both of the pathways, the reactant involves species 1 and 2 in presence of each other. However, the species 1 and 2 have roughly inverse orientation in the reactant structure for each of the pathways I and II. Reactant of the pathways I and II is named as 1+2 and 1+2meta, respectively. The species 3 is the Scheme 1: Regioisomeric pathways for a Diels-Alder cycloaddition main product of the reaction, in which the C9 and C10 atoms are bonded to the C15 and C11 atoms, respectively. But, in the structure of the species 4, the C9 and C10 atoms are bonded to the C11 and C15 atoms, respectively, which is the inverse of that for the species 3. In following, this mechanism has been investigated in details.
The pathway I mechanism
In the pathway I, the reactant of the reaction involves the species 1 and 2 in presence of each other. Optimized geometries of the reactant (1+2), transition state (TS1) and product (species 3) of the pathway I are shown in Figs. 1, 2 and 3 , respectively. The C9 and C10 atoms of the species 1 bond covalently to the C15 and C11 atoms of the species 2, respectively, to produce species 3. In the optimized geometry of the reactant (Fig. 1) , the C9-C15 and C10-C11 distances are 6.02 and 3.90Å, respectively, which reduce to 1.62 and 1.57Å in the optimized geometry of the product, 3, respectively. These distances are 2.56 and 2.00Å in the optimized geometry of the TS1, respectively, showing formation of a bicyclic adduct 3. These data show suitability of the obtained geometry for the TS1 as the transition state of the pathway I.
Going from reactants to the species 3, the C9-C15 and C10-C11 bond lengths reduce, while the C9-C16, C10-C17 and C11-C15 bond lengths increase from 1.42, 1.40 and 1.33Å in the reactant to 1.54, 1.51 and 1.55 Å in the structure of product, 3. The calculated C17-C16-C9-C19 dihedral angle is -2.72, -29.78 and -50.50° in the optimized geometries of the reactant, TS1 and product, respectively. In the structure of the TS1, the C9 and C10 atoms exit from the plane of anthracene, providing suitable condition for formation of the C9-C15 and C10-C11bonds.The calculated-activation energy (E a ) for the pathway I is 113.78 kJ.mol -1 in the toluene solution. Fig.4 Shows optimized geometry for the reactant of the pathway II (species 1+2 meta), which includes the species 1 in presence of the species 2. Their orientation is suitable for formation of the meta product, species 4 . Optimized geometries of the transition state (TS2) and the product (species 4) of this pathway are shown in Figs. 5 and 6, respectively. Going from the reactants to the product (4), some of structural parameters have been changed, the most important of which is the C17-C16-C9-C19 dihedral angle. This angle is -2.39, -32.17 and -50.47° in the optimized geometries of the reactant, TS2 and product, respectively. The C9 and C10 atoms exit from the plane of anthracene, providing the necessary conditions for formation of the C9-C11 and C10-C15 bonds.
Also, the C9-C11 and C10-C15 bonds lengths undergo essential changes. These distances are long in the structure of the reactant, by 4.12 and 5.40 Å, respectively, which decrease to 2.33 and 2.09Åin the optimized geometry of the TS2, respectively. In the optimized geometry of the species 4 as the main product, these bond lengths are 1.60 and 1.58Å, respectively. In addition, the C9-C16,C10-C17 and C11-C15 bonds elongate from 1.42, 1.40and 1.33 Å for the reactant to 1.54, 1.51 and 1.55Å for the product, respectively. In the optimized geometry of the TS2, these bond lengths are 1.45, 1.44 and 1.42 Å, respectively. The PCMcalculatedE a of the pathway II is 117.01 kJ.mol -1 in the toluene solution. According to the energy values in Table 1 , the E a s of the pathway I and II in toluene solution are 113.78 and 117.01kJ.mol -1 , respectively. Thus, the energy barrier of the pathway II is higher than the pathway I.The reaction profile for the both pathways of the mechanism has been shown in diagram 1.
The reaction mechanism could progress via two different pathways, I and II, which product species 3 and 4, respectively. In toluene solution, the energy barrier of the pathway II is higher than the pathway I by 3.23 kJ.mol -1 . Since, progress of the reaction in the pathway I is more favorable than the pathway II. The product of the pathway I, species 3 (ortho), is predicted to be major product of the Diels-Aldercycloaddition reaction of the 9-bromomethyl antracene and citraconic anhydride dienophile. These results are in good agreement with the experimental results, confirming suitability of the proposed mechanism for the Diels-Alder cycloaddition reaction between 9-Bromomethyl Antracene and unsymmetrical dipolarophile.
CONCLUSION
Herein, the kinetics and mechanism of the Diels-Alder cycloaddition reaction between the 9-bromomethyl antraceneand Citraconic anhydride dienophile have been investigated in detail in the toluene solution, using the DFT methods and PCM model.
The reaction can be progressed through two different pathways, I and II. The species 1 reacts with the species 2 in two different orientations to produce the species 3 and 4 as the final products in the pathways I and II, respectively. In both of the pathways, reaction occurs in one step.
It's worth noting that the pathway II, producing of the species 4, has higher energy barrier than the pathway I, which results to production of the species 3. Difference between their E a is 3.23 kJ.mol -1 in the toluene solution. Therefore, the reaction mainly progresses via the pathway I.The species 3, is the kinetically more favorable product than the species 4 as the product of the pathway II.
T h e o b t a i n e d r e s u l t s o f t h e D F T investigations such as the major product of the reaction are in consistent with the experimental results. It can be considered verification of the proposed mechanism.
